Calcium-and voltage-activated potassium channels (BK) are regulated by a multiplicity of signals. The prevailing view is that different BK gating mechanisms converge to determine channel opening and that these gating mechanisms are allosterically coupled. In most instances the pore forming α subunit of BK is associated with one of four alternative β subunits that appear to target specific gating mechanisms to regulate the channel activity. In particular, β1 stabilizes the active configuration of the BK voltage sensor having a large effect on BK Ca 2+ sensitivity. To determine the extent to which β subunits regulate the BK voltage sensor, we measured gating currents induced by the pore-forming BK α subunit alone and with the different β subunits expressed in Xenopus oocytes (β1, β2IR, β3b, and β4). We found that β1, β2, and β4 stabilize the BK voltage sensor in the active conformation. β3 has no effect on voltage sensor equilibrium. In addition, β4 decreases the apparent number of charges per voltage sensor. The decrease in the charge associated with the voltage sensor in α β4 channels explains most of their biophysical properties. For channels composed of the α subunit alone, gating charge increases slowly with pulse duration as expected if a significant fraction of this charge develops with a time course comparable to that of K + current activation. In the presence of β1, β2, and β4 this slow component develops in advance of and much more rapidly than ion current activation, suggesting that BK channel opening proceeds in two steps. concentration (1-3). The BK pore-forming α subunit is coded by a single gene (Slo1; KCNMA1) and yet, it displays a variety of phenotypes in different cells and tissues as a consequence of alternative splicing, metabolic regulation, and modulation by β subunits. This great diversity of BK channels is fundamental to the adequate function of many tissues. In particular, β subunits are associated with BK channels in most tissues where they are present and dramatically modify their gating properties (4).
Calcium-and voltage-activated potassium channels (BK) are regulated by a multiplicity of signals. The prevailing view is that different BK gating mechanisms converge to determine channel opening and that these gating mechanisms are allosterically coupled. In most instances the pore forming α subunit of BK is associated with one of four alternative β subunits that appear to target specific gating mechanisms to regulate the channel activity. In particular, β1 stabilizes the active configuration of the BK voltage sensor having a large effect on BK Ca 2+ sensitivity. To determine the extent to which β subunits regulate the BK voltage sensor, we measured gating currents induced by the pore-forming BK α subunit alone and with the different β subunits expressed in Xenopus oocytes (β1, β2IR, β3b, and β4). We found that β1, β2, and β4 stabilize the BK voltage sensor in the active conformation. β3 has no effect on voltage sensor equilibrium. In addition, β4 decreases the apparent number of charges per voltage sensor. The decrease in the charge associated with the voltage sensor in α β4 channels explains most of their biophysical properties. For channels composed of the α subunit alone, gating charge increases slowly with pulse duration as expected if a significant fraction of this charge develops with a time course comparable to that of K + current activation. In the presence of β1, β2, and β4 this slow component develops in advance of and much more rapidly than ion current activation, suggesting that BK channel opening proceeds in two steps. concentration (1) (2) (3) . The BK pore-forming α subunit is coded by a single gene (Slo1; KCNMA1) and yet, it displays a variety of phenotypes in different cells and tissues as a consequence of alternative splicing, metabolic regulation, and modulation by β subunits. This great diversity of BK channels is fundamental to the adequate function of many tissues. In particular, β subunits are associated with BK channels in most tissues where they are present and dramatically modify their gating properties (4) .
At present, four β subunits have been cloned in mammals (β1-β4) (4) (5) (6) (7) (8) (9) (10) . BK β subunits have two transmembrane segments joined together by a loop (∼148-aa residues). The external loop, and N and C termini are intracellular. Sequence similarities are major between β1-β2 and β2-β3, respectively. β4 is the most distantly related of all β subunits. β1 and β2 subunits induce an increase of the apparent Ca 2+ sensitivity and a slowing of the macroscopic kinetics (4, 7, 8) . β2 also induces fast and complete inactivation (6, 10, 11) and an instantaneous outward rectification that suggests that the β2 external loop approaches the BK pore as to alter ion conduction (12) . Four splice variants of β3 have been identified, β3a-c. β3b induces fast and partial inactivation of BK currents and also produces an outward rectification of the open channel currents (10, 13) . Outward rectification is regulated by the extracellular segment of this subunit (14) . β4 has a complex Ca 2+ concentration-dependent effect on BK channel gating. This subunit decreases apparent Ca 2+ sensitivity at low Ca 2+ concentrations but induces an increase in the apparent sensitivity at high Ca 2+ concentrations (8, (14) (15) (16) (17) (18) . β4 also slows down activation and deactivation kinetics (7, 8) .
Despite the fact that the BK phenotype produced by each of the β subunits has been well characterized, controversies exist regarding the biophysical mechanisms by means of which these auxiliary subunits modify BK channel gating (19) (20) (21) (22) (23) . Since the finding of Bao and Cox (19) that the main effect of the β1 subunit is to alter the equilibrium between the resting and active configurations of the voltage sensor, several important questions remain to be answered: To what extent do β2 and β4 alter BK channel voltage sensing? Does the slow component of the OFF gating charge detected by Horrigan et al. (24) in channels formed by the α subunit alone parallel the slowing down in the I K activation induced by β1, β2, and β4 as predicted by the two-tiered allosteric model? To assay potential effects of the β subunits on the workings of the voltage sensor, we measured gating currents (I g ) induced by channels formed by the pore-forming BK α subunit alone and with the different β subunits expressed on Xenopus oocytes (β1, β2IR, β3b, and β4).
Results
Characterization of BK Gating Currents in the Presence of β Subunits.
We first measured the macroscopic K + currents (I K ) in the cellattached configuration to confirm that BK channels were formed by the expected α or α/β complex (Fig. S1 ). In cell-attached configuration the large size of the ionic currents prevented adequate voltage clamp. Therefore, we lowered K + to record current in symmetrical 1-mM K + (Fig. 1 , Left) in excised patches. Notice in Fig. 1 B, C , and E that the time course of the K + currents of channels formed by α/β1, α/β2, and α/β4 were much slower than the ones of channels formed by the α subunit alone (Fig. 1A) . The slowing of the K + current by coexpression of the these β subunits is one of the hallmarks of the phenotype of channels formed by α/βx (x = 1,2,4). For β3, (α/β3) BK channels were identified by a small, fast, and incomplete inactivation process (Fig. 1D) .
After patch excision, I g currents were measured in conditions of 0 K + and 0 Ca 2+ by profusely perfusing the internal side of the macropatch with a K + -free solution (Fig. 1, Right) . Gating current recordings reveal fast time courses with time constants, which were not very different between the different subunit combinations. In addition, the gating currents develop fully before channel opening (e.g., Fig. S1 ). These results show that in BK channels voltage sensor activation occurs before channel opening, as previously reported for the cases of α and α/β1 BK channels (19, 25, 26) . In other words, in the absence of Ca 2+ , BK gating charge movement takes place between several closed states.
Families of I g as those shown in Fig. 1 , Right evoked at different voltages (−90 to 350 mV) were integrated between the beginning and the end of the pulse to obtain the gating charge activation relationships, Q ON -V and Q OFF -V. For all of the different types of channels tested and for voltage pulses of 1 ms in Author contributions: G.F.C., A.N., C.G., and R.L. designed research; G.F.C. and C.G. performed research; G.F.C., A.N., O.A., C.G., and R.L. analyzed data; and O.A., C.G., and R.L. wrote the paper.
The authors declare no conflict of interest. 1 To whom correspondence may be addressed. E-mail: ramon.latorre@uv.cl or carlos. gonzalezl@uv.cl. duration, all of the ON charge was recovered in the OFF charge (Fig. S2 ). As shown in Fig. 1 , Right, I g time courses recorded from the different channels were similar despite the fact that I K time courses are widely different between channels formed by α and α/βx (x = 1,2,4). Q-V relationships for each channel type were fitted with Boltzmann functions and normalized to their maxima and averaged to yield the Q-V curves shown in Fig. 2 A-D. Compared with (α)BK channels (gray symbols), coexpression with β1 and β2 shifts the Q-V curves along the voltage axis to the left by 57 and 39 mV, respectively, with no appreciable changes in the voltage dependency of activation, z (Fig. 2 A, B, E, and F) . The values of V 1/2 and z for (α)BK, (α/β1)BK channels ( Fig. 2 E and F) are in reasonable agreement with those previously reported (19, 25, 27) . Coexpression with β4 subunits, on the other hand, produced a 22-mV right shift of the V 1/2 of the Q-V curve and a 23% decrease in z (Fig. 2 D and F) . Calculation of the standard free energy difference (ΔG 0 ) between the active and resting states of the voltage sensor at Vm = 0, ΔG 0 = zFVo, reveals that β1, β2IR, and β4 subunits stabilize the active state of the sensor. For α subunit alone, ΔG 0 is 10.3 kJ/mol; this energy drops to 6.3, 7.7, and 8.6 kJ/mol when BK is coexpessed with β1, β2IR, and β4 subunits, respectively. These results show that not only β1, but also β2IR and β4 stabilize the voltage sensor in its active configuration at 0 mV. β3b has no effect on ΔG 0 (Fig. 2 C and E) .
β Subunits and the Slow Gating Charge Recovery. The lack of a rising phase, the exponential decay of I g , and the fact that the Q-V relationship was well described by a single Boltzmann function are indicative of a two-state model in the case of (α)BK channels, one resting and one active, and is adequate to describe the early movement of the voltage sensor ( Fig. 2) (25) . This voltage sensor behavior was conserved in the presence of the different β subunits (Table S2) . First, we found that the exponential decay of I g and the Q ON -V relationships are well described by a single time constant (τ) (Fig. S3 ) and single Boltzmann function, irrespective of the β subunit present (Fig. 2 B-D) and second, in all cases, the τ(V) (Fig. S4 ) was well described by:
where αðV Þ = α 0 expðzδ e 0 V =kTÞ is the forward rate constant and βðV Þ = β 0 expðzðδ − 1Þe 0 V =kTÞ is the backward rate constant, which determine the equilibrium constant, J, which characterizes the resting-active transition of the voltage sensor, i.e., . (A-E, Right) Gating currents elicited by 1-ms steps to increasing voltages from −90 to 350 mV in increments of 10 mV; pulse duration was set to reach a quasi steady state. Table S1 ).
charges displaced during the transitions, and δ is the electrical distance at which the peak of the energy barrier that separates the resting and active states of the sensor is located. As expected from the V 1/2 of the Q-V curves, the peaks of the τ(V) curves for (α/β1)BK and (α/β2)BK obtained from the fit to the τ(V) data to Eq. 1 were leftward shifted compared with (α)BK channels by 50 and 30 mV, respectively ( Fig. S4 B and C and Table S1 ). The value obtained for δ indicates that the energy barrier that separates resting and active states of the voltage sensor is highly asymmetric and that most of the voltage dependence resides in the rate constant β. The behavior of the voltage sensor of (α/β4)BK channels is also well explained using a two-state model. However, the large difference in the voltage at which we found τ(V) peak and the V 1/2 for the Q(V) is a consequence of the decrease in z promoted by this subunit. Fig. 3A shows the different voltage pulse protocols used to determine the different kinetic components of the gating currents. The existence of a slow component of charge movement was detected as an increase in the Q OFF after voltage pulses of increasing duration (25, 27) . The origin of this slow component has been explained in terms of an allosteric voltage-gating scheme (25) (Fig. S5A) . This model predicts that this slow off-gating charge develops with a time constant that matches the time constant of the ionic current activation. Fig. 3B shows that for (α)BK channels, as predicted by the allosteric model, the relative contribution of the slow component of Q OFF augments as the voltage of the test pulse is increased. This is a clear indication of the existence of additional slow components in I gON whose amplitudes are too small to be detected during the ON pulse, but which can be detected during repolarization because charge returns at a faster rate. The amount of Q OFF as a function of pulse duration is well described by a double exponential function (Fig. 3B, solid line) . The time constant for the slow component (Fig. 3C , open circles), as predicted by the Horrigan et al. (24) model, is similar to the time constant that describes ionic current activation (data from ref. 20 and gray circles). In contrast to (α)BK channels, the slower components of the gating charge for (α/β1)BK, (α/β2IR)BK, and (α/β4)BK channels appear at lower voltages (Fig. 4 D, F , and J), and they are almost absent in the case of (α/β2IR)BK channels (Fig. 3F ). In addition, this slow component is observed at voltages at which channels do not open. This can be better appreciated in the behavior of the amplitude of the slow component (A slow in Fig. 3 E, G, and K). For (α/β1)BK, (α/β2IR)BK, and (α/β4)BK channels, the amplitude of A slow is large, even at very low open probabilities. Moreover, for these channels, the time constant of the slow Q OFF is between 10 and 30 times faster than for I K activation (Fig. 4 E, G, and K) . The two-tiered allosteric model on Fig. S5A cannot explain these experimental results (SI Materials and Methods).
It can be argued that differences in τ Qslow and τ activation are due to differences in the experimental conditions at which these two sets of experiments were obtained. In particular, it is possible that the ionic composition of the solutions became important in determining the speed at which the gating and the ionic currents develop. To test for this possibility, we measured the ionic current activation time constants at 1 mM symmetrical K + , an ionic milieu that is closer to the one used to measure gating currents (Fig. 4, colored circles) , and found that τ activation is similar to the τ activation obtained in 100 mM symmetrical (e.g., colored circles with solid line in Fig. 3 C, E, and G) .
Taking into account that the Horrigan-Cui-Aldrich model (H-C-A) (24) (Fig. S5A) demands that the time constant of the slow Q OFF should follow a time course comparable to that of channel opening, we reasoned that in the presence of the β1 and β2 subunits the slow Q OFF actually represents charge moving between closed states. Under this assumption, we found that an extension of the H-C-A allosteric model that includes an extra row of intermediate closed (C 1,i ) states suffices to explain our results. In this version of the model, the time constant of Q OFF slow need not be equal to the time constant of ionic current activation (Fig. 4 and Fig. S5B ). We hypothesize that in the
In this case, the slow component of Q OFF reflects C 0,i to C 1,i (i = 0, 1..,4) transitions plus the relaxation of the equilibrium distribution among the C 1,i states. Considering that transitions from the intermediate closed to the open states are very slow, these processes will generate no detectable gating currents because of their small amplitudes and long time constants. In addition, our model does not predict the presence of flickers inside a burst, which are evident in the single channel measurements (28) 
. This is a large departure from previous proposed models to explain BK gating in the presence of β subunits and implies that BK channel opening is more complex than previously thought. We have performed a global fit to the data obtained using (α/β1)BK channels (Fig. 4) . The model matches the data reasonably well and in particular accounts for the kinetic and equilibrium behavior of Q slow .
Discussion
Although the apparent Ca 2+ sensitivity of BK channels is increased and the gating kinetics slowed down by both the β1 and β2 subunits, several reports indicate that these subunits enhance channel activity through different molecular mechanisms (20, 21, 29) . However, the fluorescence studies of Savalli et al. (30) indicate that similarly to β1 (19), β2 coexpression stabilizes the active state of the voltage sensor, consequently increasing the apparent Ca 2+ sensitivity of the channel. Even for the β1 subunit there still disagreements in the literature whether or not this subunit acts purely by modifying voltage sensor activation or also affects Ca 2+ sensitivity of the BK channel (21, 22) . Early work suggested that the enhancement of the BK channel's Ca 2+ sensitivity mediated by the β1 subunit is due to effects unrelated to Ca 2+ binding (28, 31) . β1 is able to increase burst duration in the absence of Ca 2+ an effect that produces a 10-fold increase in the open probability (P o ). This increase may explain most of the leftward shift of the P o vs. Ca 2+ relationship (28) . On the other hand, the allosteric model predicts that β1 increases the Ca 2+ sensitivity mainly by altering aspects of gating that do not involve Ca 2+ binding but it also demands albeit small, significant modifications to the channel Ca 2+ binding affinity (31) . This and subsequent studies have suggested that β1 modifies the apparent Ca 2+ sensitivity by altering voltage-dependent gating (16, 19, 20, 31) . In this regard, it is noteworthy that β1 is able to partially restore the BK channel Ca 2+ sensitivity of a mutant in which the Ca 2+ sensitivity has been obliterated by neutralizing the aspartates contained in the Ca 2+ bowl and those of the second high-affinity Ca 2+ site present in the RCK1 domain (32) . These results suggest that rather than acting directly on the Ca 2+ binding sites, β1 modulates the allosteric coupling between the Ca 2+ binding sites and the gate. Among the wide range of effects induced by β1, the most dramatic one is the −57-mV leftward shift of the Q-V relationship of the (α/β1)BK relative to the V 1/2 obtained from (α)BK channels ( Fig. 2A) . This shift implies a stabilization of the active configuration of the voltage sensor and is consistent with the idea that the work that Ca 2+ binding must do to open the channel is decreased. The net effect is an apparent enhancement of the Ca 2+ sensitivity. Actually, changes in the equilibrium that govern the transition between resting and active configuration of the voltage sensor account for the majority of the effects of β1. Some reports indicate, however, that it is necessary to invoke changes in the true Ca 2+ affinity to account fully for the effects of this subunit on Ca 2+ sensitivity (19, 22, 31 ). This conclusion is in conflict with the results of Yang et al. (21) , who reported that neutralization of the BK voltage sensing residues abolished the leftward shift induced by β1.
Surprisingly, β1 does not affect gating current kinetics, suggesting that the slowing of BK channel activation and deactivation kinetics is a process related to the transition between closed and open states. In the present study, by applying prolonged depolarizations we were able to determine directly the effects of β1 on the charge movement between closed estates. Our results indicate that β1, β2IR, and β4 profoundly affect both the amplitude and the kinetics of the slow gating component (Fig. 3 E, G, and K) , an observation that we have interpreted using the model depicted in Fig. 4A . This model is able to account for the data presented here and indicates that β1 and β2 stabilize the active configuration of the voltage sensor by modifying the equilibrium constant between voltage sensor resting and active states and slows down the opening and closing kinetics by increasing the energy barrier between the intermediate closed states and the open states. Intermediate closed states are consistent with the closing of secondary gates and, as we discuss below, there are previous reports of their existence.
In the absence of Ca 2+ , a voltage gating scheme based on an allosteric mechanism could approximate the basic features of the voltage dependence of BK channels. This mechanism results in a gating scheme (Fig. S5A ) that contains a parallel arrangement of open and closed states (24, 25) . However, there is evidence that, although the allosteric model can account for the effects of voltage and Ca 2+ on the open probability of BK channels composed only of α subunits, it cannot account for the detailed single channel kinetics (33) .Cox et al. (33) suggested that additional states are needed. The detailed single-channel kinetic analysis performed by Rothberg and Magleby (34; see also ref. 35) confirmed this prediction. They found that minimal models able to account for the kinetic structure of BK channels require additional brief closed states, either in the activation pathway or beyond the activation pathway as secondary states. A three-tiered kinetic scheme with two rows of closed estates was also used by Zeng et al. (36) to explain the double Boltzmann shape of the G-V curves of (α/β3)BK channels. We propose here that β1, β2, and β4 subunits make apparent the existence of such closed states in the activation pathway as intermediate states.
Although most studies indicate that the β1 and β2 subunits increase Ca 2+ sensitivity through different mechanisms, it is at present unclear whether or not β2 subunits affect the voltage sensor functioning (18, 20, 30) . Using the voltage clamp fluorometry technique, Savalli et al. (30) found that the (α/β2)BK fluorescence-voltage F(V) curves were left shifted with respect to the (α)BK F-V relationship, strongly suggesting that, as is the case of the β1 subunit, β2 favor the activated conformation of the BK voltage sensor. On the other hand, mutations that perturb the voltage sensor equilibrium between resting and active configuration or the number of equivalent gating charges disrupt the ability of β1 to increase the Ca 2+ sensitivity but not that of β2 binding and channel opening (29) . Here, using gating current recordings we found that β2 stabilizes the active configuration of the voltage sensor, albeit to a lesser extent (ΔV 1/2 = −40 mV) than the β1 subunit (Fig. 2B) and it does not affect the gating charge on the voltage sensor of the BK channel. This is a unique direct demonstration that β2 is modifying the Ca 2+ sensitivity of BK channels through a mechanism that also involves a stabilization of the active configuration of the voltage sensor. Regarding, the effects of β3b, changes in channel gating even when the N terminus is removed have been detected (36) . In particular, the voltage dependence of activation exhibits multiple Boltzmann components. Our results indicate that, if the β3b makes more prominent the independent voltage-dependent transitions that participate in BK channel activation, these are not reflected in closed-closed voltage-dependent transitions. It is possible that β3b modifies the kinetics or the equilibrium of the open-open and closed-open transitions. An analysis of (α/β4)BK single channel and macroscopic current records using the allosteric model suggested that it was possible to explain the effects of β4 by a decrease in the equilibrium constant describing the closed-open equilibrium (L 0 ) and a shift to the left of the Q-V relationship (17) . The present results show that β4 stabilizes the active conformation of the voltage sensor and that the number of gating charges per sensor is decreased. These finding are sufficient to explain the changes in BK channel Ca 2+ sensitivity induced by β4 (Fig. S6) . However, the behavior of Q slow in (α/β4)BK channels suggest that the three-tiered model we proposed here should be more appropriate to fully account for the modulation in BK channel gating induced by β4.
Materials and Methods
Channel Expression. BK α subunit (U11058), human β subunit's 1 and 4 (U25138 and AF160967), and β2 subunit (AF099137) without inactivation domain (β2IR) (6) were provided by L. Toro (University of California, Los Angeles, CA). β3b (AF160968) subunit was provided by C. Lingle (University of Washington, St. Louis, MO). mMESSAGE mMACHINE (Ambion) was used for in vitro transcription. Xenopus oocytes were injected with ∼40 ng of α subunit cRNA, or a mixture of ∼40 ng (α subunit) and ∼100 ng (β subunit) was injected per oocyte, 4-8 d before recording. The approximate RNA molar ratio β:α was at least 3:1, ensuring saturation of the α subunits with β subunit. Devices) . Current signals were sampled with a 16-bit A/D converter (Digidata 1322A; Axon Instruments), using a sampling rate of 500 kHz. Experiments were performed using Clampex 8 (Axon Instruments) acquisition software. Leak subtraction was performed using a P/4 protocol (37).
Data Analysis. All data analysis was performed using Clampfit 10 (Axon Instruments) and Excel 2007 (Microsoft). Gating currents were integrated between 0 and 400 μs after the voltage step to obtain the net charge movement. Leakage current was subtracted by shifting the current until the integral no longer changed after 1 ms after the voltage step. Q-V relation was fitted with a Boltzmann function: Q = Q max =ð1 − expð−zFðV − V h Þ=RT ÞÞ, where Q max is the maximum charge, z is the voltage dependency of activation, V h is the half-activation voltage, T is the absolute temperature (typically 295 K), F is the Faraday's constant, and R is the universal gas constant. Q max , V h , and z were determined using Solver complement of Microsoft Excel. The OFF charge determined as a function of the duration of the ON pulse, Q p , was fitted with a two-exponential function:
where t is the duration of the ON pulse, Q fast , Q slow , τ fast , and τ slow are the charges and the time constants of the slow and fast charge movement kinetics, respectively. These values were determined using least square minimization.
Simulations of Gating and Ionic Currents. BK channel gating and ionic current were simulated on Matlab (MathWorks) by solving the time dependencies of the distribution of states (S(t)) during a voltage pulse protocol by calculating: constant E was set to 1. Top traces correspond to simulated ionic current (Upper) and gating current traces during depolarizing steps of increasing amplitude. A 50-ms pulse from −90 mV that sweeps from +20 to 350 mV in 20 mV increments was used to simulate I K , whereas a 1-ms pulse spanning from −80 to 300 mV was preferred for I g . Superimposed gating I g (solid line) and I K (dashed line) at the beginning of a depolarizing pulse to +200 mV is shown (Lower). (C) Simulated Q-V and P o together with experimental data from (α/β1) BK channels. Q-V were obtained by integrating the first 500 μs of the simulated I g at the end of the pulse. P o was obtained by normalizing the simulated current amplitudes at the end of a 120-ms pulse. Closed circles correspond to the experimental data described in Fig. 2C , whereas open circles correspond to normalized G-V (from ref. 33 ). (D) Fast and slow charge movement measured during repolarization to −90 mV following a depolarizing pulse of different durations and voltages. (E) Voltage dependence of the time constants of Q OFF and I K in D and E; symbols correspond to data described in Fig. 3 and continuous line from simulated I g at the same voltages and durations.
S ðtÞ =Sð0Þ · expðQ · tÞ, where Q is the standard rate matrix as described in
Colquhoun and Hawk (38) . Using the spectral decomposition method, we obtained the time constants and amplitudes that describe the relaxation of a multistate system. The time course of I K and I g can then be calculated from:
I K ðtÞ = S j = N ·SðtÞ ·G I g ðtÞ = N ·SðtÞ ·F:
N is the number of channel and G is a vector containing the single-channel conductance for each state. F is a vector in which each element corresponds to the net flux of charges involved in leaving each state. These were obtained by multiplying the rate of each transition by the charges displaced in that transition (39) . All simulations were carried out using a sampling rate of 500 kHz and digitally filtered at 20 KHz with a numerical implementation of an 8-pole Bessel filter. Total charge displaced at the end of a pulse (Q off ) was obtained by integrating 500 μs of simulated I g . The channel apparent Po was obtained from I K (t) at the end of a 120-ms pulse. The set of parameters p k defining the model that described the data were obtained by minimizing the cost function SSQ(p k ) with a "simplex" algorithm Nelder and Mead (40) .
The relative error of each individual type of experiment was scaled by an arbitrary factor (A j ) and normalized by the number of data point (n) times the maximum of each particular data set (max(xi)).
